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I. INTRODUCTION 



The study of the semileptonic decays of the baryon octet Bi Bjeve presents an opportunity to shed hght on 
the Cabibbo-Kobayashi-Maskawa (CKM) matrix element Vus- At zero momentum transfer, the weak baryon matrix 

elements for the Bi BjePe transitions are determined by just two constants — the vector coupling gy^^^ and 
its axial counterpart g^'^^- In the limit of exact SU(3) symmetry gy'^' and g^'^' are expressed in terms of basic 
parameters — the vector couplings are given in terms of well-known Clebsch-Gordan coefficients which are fixed due 
to the conservation of the vector current (CVC), while the axial couplings are given in terms of the simple SU(3) 
octet axial-vector couplings F and D. The Ademollo-Gatto theorem (AGT) [uL] protects the vector form factors from 
leading SU(3)-breaking corrections generated by the mass difference of strange and nonstrange quarks. The first 
nonvanishing breaking effects start at second order in symmetry-breaking. As stressed in Ref. this vanishing of 
the first-order correction to the vector hyperon form factors gy^ ^ presents an opportunity to determine Vus from the 

direct measurement of Kis5y'^^- The axial form factors, on the other hand, contain symmetry-breaking corrections 
already at first order. Note that the experimental data on baryon semileptonic decays Q are well described by 
Cabibbo theory which assumes SU(3) invariance of strong interactions. However, for a precise determination of 
Vus one needs to include leading and perhaps subleading SU(3) breaking corrections. 

The theoretical analysis of SU(3) breaking corrections to hyperon semileptonic decay form factors has been per- 
formed in various approaches [5|-[23| , including quark and soliton models, 1 /Nc expansion of QCD, chiral perturbation 
theory (ChPT), lattice QCD, etc. Quark models, in particular, have had a major impact on the understanding of the 
phenomenology of hyperon semileptonic decays. The original predictions of the naive SU(6)-model [1^ have been 
substantially improved by inclusion of relativistic |2^i and SU(3) symmetry breaking effects gluon [2^ and 

meson-cloud corrections [l2j,|26|. However, a fully consistent presentation of chiral corrections (both SU(3)-symmetric 
and SU(3)-breaking) to semileptonic form factors of baryons is still awaited, although a model-independent inclusion 
of some chiral corrections to semileptonic form factors of baryons has been performed using different versions of the 
chiral effective theory of baryons (including baryon ChPT and heavy baryon ChPT) [l^-[23]. Recently a complete 
calculation of the SU(3)-breaking corrections to the hyperon vector form factors up to 0{p'^) in covariant baryon 
ChPT has been presented in 
also been performed in Refs. 



22 1 . Note, that a detailed ChPT analysis of the nucleon axial coupling/form factor has 



In the present paper we evaluate chiral corrections to the semileptonic vector and axial quark coupling constants, 
using a manifestly Lorentz covariant chiral quark approach up to order 0{p^) in the two- and tree-flavor picture. 
Here SU(3) breaking corrections are generated by the mass difference of strange (s) and nonstrange (u, d) current 
quarks. We proceed as follows. First, we calculate the vector and axial quark couplings including chiral effects. Then 
we use the weak quark transition operators containing these couplings to evaluate the octet baryon matrix elements 
involved in the semileptonic transitions. Performing the matching of the baryon matrix elements to those derived 
in baryon ChPT we deduce relations between the parameters of the two approaches. This matching guarantees 
inclusion of chiral corrections to baryon observables, which is consistent with QCD. In the calculation of the baryon 
matrix elements we employ a general ansatz for the spatial form of the quark wave function, without referring to 
any specific realization of hadronization and confinement of quarks in baryons. In a forthcoming paper [33| we will 
consider the evaluation of the baryon matrix elements within a specific Lorentz and gauge invariant quark model [s^ 
explicitly including the internal quark dynamics. Note that in Refs. [s^ [s^l we performed an analogous study of the 
electromagnetic properties of the baryon octet and the A(1230)-resonance. In particular, we developed an approach 
based on a nonlinear chirally symmetric Lagrangian, which involves constituent quarks and chiral fields. In a first 
step, this Lagrangian was used to dress the constituent quarks by a cloud of light pseudoscalar mesons and other 
(virtual) heavy states using the calculational technique of infrared dimensional regularization (IDR) [38[ . Then within 
a formal chiral expansion, we calculated the dressed transition operators relevant for the interaction of the quarks 
with external fields in the presence of a virtual meson cloud. In a following step, these dressed operators were used 
to calculate baryon matrix elements including internal dynamics of valence quarks (Note that a simpler and more 
phenomenological quark model based on similar ideas regarding the dressing of constituent quarks by the meson cloud 
has been developed in Refs. [1^.) We treat the constituent quarks as the intermediate degrees of freedom between the 
current quarks (building blocks of the QCD Lagrangian) and the hadrons (building blocks of ChPT). This concept 
dates back to the pioneering works of Refs. [40,. ,41.]. Furthermore, our strategy in dressing the constituent quarks by 
a cloud of pseudoscalar mesons is motivated by the procedure pursued in Ref. [4l[ . Recent analyses of experiments 
at Jefferson Lab (TJLAB), Fermilab, BNL and IHEP (Protvino) renewed the interest in the concept of constituent 
quarks. The obtained data can be interpreted in a picture, where the hadronic quasiparticle substructure is assumed 
to consist of constituent quarks with nontrivial form factors. These experiments also initiated new progress in the 
manifestation of constituent degrees of freedom in hadron phenomenology (see, e.g. Refs. (4^). 

The present approach has the intrinsic advantage that it is a priori not restricted to small energy or momentum 
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transfers. In a full evaluation, when taking into account the effects of the internal dynamics of valence quarks, one 
can describe hadron form factors at much higher Euclidean momentum squared when compared to ChPT. When 
restricting to the inclusion of valence quark effects our approach was successfully applied to different problems of 
light baryons and also heavy baryons containing a one, two and three heavy quarks (see Refs. [s^ls^l)- We achieved 
good agreement with existing data and gave certain predictions for future experiments. E.g. our predictions for the 
semileptonic, nonlegtonic and strong decays of heavy-light baryons were later confirmed experimentally. On the other 
hand, in Refs. [361, mTI we developed the formalism in order to include chiral effects in a way consistent with low-energy 
theorems and the infrared structure of QCD. Consistency in the present formalism with ChPT is limited since we 
cannot consider baryonic matrix elements in Minkowski space. Also, our approach does not provide any constraints 
for the expansion parameter of standard ChPT. 

In the present manuscript we proceed as follows. First, in Section II, we discuss the basic notions of our approach, 
which is in direct line to our previous work of Refs. [Sy, [37| . That is, we derive a chiral Lagrangian motivated by 
baryon ChPT [H, , and formulate it in terms of quark and mesonic degrees of freedom. Using constituent quarks 
dressed with a cloud of light pseudoscalar mesons and other heavy states, we derive dressed transition operators within 
the chiral expansion, which are in turn used in quark model to produce baryon matrix elements. In Section III we 
derive specific expressions for the vector and axial baryon semileptonic decay constants, while in Section IV we give 
the numerical analysis of the axial nucleon charge and the vector and axial hyperon semileptonic couplings. Finally, 
in Section V we present a short summary of our results. 



II. APPROACH 



A. Chiral Lagrangian 



The SU(3) chiral quark Lagrangian Cqu (up to 0{p^)), which dynamically generates dressing of the constituent 
quarks by mesonic degrees of freedom, consists of three primary pieces Cq, Cqq and £[/: 



CqU ^ Cq+ Cqq +Cu, Cq^ C^^^ + + + 



c 
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C 



(2) 



The superscript (i) attached to and C^q^^^-^ denotes the low energy dimension of the Lagrangian: 
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where the symbols ( ), [] and { } occurring in Eq. ([2|) denote the trace over flavor matrices, commutator, and 
anticommutator, respectively. In Eq. ^ we display only the terms involved in the calculation of vector and axial 
quark/baryon coupling constants. In addition to the one-body quark Lagrangian we included also the two-body part 
Cqq . The detailed form of the chiral Lagrangian used in the calculations of electromagnetic properties of baryons can 
be found in Refs. 

The Lagrangians ^ contain the basic building blocks of our approach. The couplings m and g denote the quark 
mass and axial charge in the chiral limit (i.e., they are counted as quantities of order 0(1) in the chiral expansion), q 
is the triplet of u, d, s-quark fields, C? and Df are the second- and third-order one-body quark low-energy coupling 
constants (EEC's), respectively, while Df' are the third-order two-body quark EEC's. The LEC's encode the (virtual) 
contributions due to heavy states. We denote the SU(3) quark LEC's by capital letters in order to distinguish them 
from the SU(2) LEC's and dj. Also, for the one-body quark LEC's we use the additional superscript "g" to 
differentiate them from the analogs ChPT LEC's: Ci, Di in SU(3) and Ci, di in SU(2). For the two-body quark 
LEC's we attach the superscript "gg". The octet of pseudoscalar fields 
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is contained in the SU(3) matrix U ^ u"^ = exp{i(j>/F) where F is the octet decay constant. We use the standard 
notations [H, 

X± = u^XU^ ± ux^u. X = + • • • , x+ = X+ - ^(x+) ■ (4) 

The fields and include external vector (v^^ and axial (a^) fields: = + , = — . M = 
diagjm, rri, m^} is the mass matrix of current quarks (we work in the isospin symmetry limit with to„ = rhd = 
rh = 7 MeV and the mass of the strange quark rhs is related to the nonstrange one via rhs — 25 m). The quark 
vacuum condensate parameter is denoted by i? = — (0|um|0)/F^ — ~ {0\dd\0) / F'^ . To distinguish between constituent 
and current quark masses we attach the symbol " ("hat") when referring to the current quark masses. We rely on 
the standard picture of chiral symmetry breaking {B 3> F). To leading order in the chiral expansion the masses 
of pseudoscalar mesons are given by — 2rhB, M]^ ~ (rri + rhs)B, = |(m + 2rhs)B . For the numerical 

analysis we will use: = 139.57 MeV, Mk ^ 493.677 MeV (the charged pion and kaon masses), = 547.51 MeV, 
F = F^ = 92.4 MeV in SU(2) and F = {F^ + Fk)/2 in SU(3) with Fk/F^ = 1.22 [i^. 

Reduction of the SU(3) Lagrangian to its SU(2) counterpart is straightforward. The quark triplet (u, d, s) and 
meson octet are replaced by the quark doublet {u,d) and the pion triplet, respectively. Likewise, the LEC's C-', 
and Dl'^ should be replaced by their SU(2) analogue cf , and df^ . Note that the SU(2) Lagrangian does not contain 
the LEC's d\^ and ^'(s)- Also, we should use M. = diag{TO, m} and x+ = x+ — \ {x+) instead of the corresponding 
quantities defined in Eq. ([4]). 



B. Dressing of quark operators 



Any bare quark operator can be dressed by a cloud of pseudoscalar mesons and heavy states in a straightforward 
manner by use of the effective chirally-invariant Lagrangian Cqu ■ In Refs. [H, [13] we illustrated the technique of 
dressing in the case of the electromagnetic quark operator and performed a detailed analysis of the electromagnetic 
properties of the baryon octet and of the A — > iV7 transition. Here we extend our method to the case of vector and 
axial quark operators. First, we define the bare vector and axial quark transition operators constructed from quark 
fields of flavor i and j as: 



J^L,v{q) ^ J d'^xe j^,, y (x) , j,,,v{x) ^ qj{x) -/^, q,{x) , 

J^,A{q)^ d'^xe'"^''jf,^A{x), jt^,A{x) = qj{x)-ff,-/5qiix) . (5) 



Next, using the chiral Lagrangian derived in section III Al we construct the vector/axial currents with quantum 
numbers of the bare quark currents which include mesonic degrees of freedom. Then these currents are projected 
on corresponding quark (initial and final) states in order to evaluate the dressed vector and axial quark form factors 
encoding the chiral corrections. Finally, using the dressed quark form factors in momentum space we can determine 
their Fourier-transform in coordinate space. 

The dressed quark operators j^'^y(^) (x) include one- (x) and two-body (54) (x) operators: 



i 



•dross ^ \ _ .drcss(l), s .drcss(2) , ^ 

'm, v{A) [X) - 3^ y(^) {X) + 3^ {X) . {<o} 

In Ref. [3^, [STj we restricted to the consideration of one-body quark operators only. Here we discussed also the 
two-body operators. In Figs. 1-4 we display the tree and loop diagrams which contribute to the dressed one- and 
two-body vector and axial operators, respectively, up to and including third order in the chiral expansion. 
The dressed one-body quark operators J^'^y (^j* {x) and their Fourier transforms «/^'^y {q) have the forms 

Cv^'\x) - fn~d^)[q,{x)^M^)] + ^-^^^d-^Mx)^,Mx)] - ^-^^^id,Mx)q,{x)], 



jtT^'\q) - I d^xe-^'^^q,{x) 



l,n\q') + ^^^fl\q') + ^^fl\q') 
nii + rrij irii + nij 



qi{.x), (7) 



5 



and 



^' r ^ rn ■ -\- m ■ m ■ -\- m . 



J^:T^'\q) = d\e-^^^q,{x) 



if^ 75 9i (q ) + — - — 75 92 [q ) + — - — 75 93 [q ) 



q^ix) , (8) 



where mid) is the dressed constituent quark mass of i{j)~th flavor generated by the chiral Lagrangian ([2]) [see details in 

Ref. [36]]; /^■'j 3(9^) ^^'^ 9^i2 3(9^) ^-^^ the one-body quark vector and axial i —> j flavor changing form factors encoding 
the chiral corrections. In Figs.l and 2 we only show the one-body diagrams which are relevant for the calculation of 
the vector = (0) and axial = (0) couplings at the order of accuracy to which we are working in. The 
ellipses • • • in Figs.l and 2 denote higher-order diagrams, i.e., diagrams which contribute only to the q^-dependence 
of fi{q^) and 9i{q^) and/or to the remaining four form factors f^s^iq'^) ^-nd 52"(3)(9^)- "^^^ ^^^^ analysis of all six 
form factors goes beyond the scope of present paper. The contributions of the various graphs in Figs.l and 2 to the 
vector and axial couplings is discussed in Appendix A and arc listed in Tables 1 and 2. Evaluation of the one-body 
diagrams in Figs.l and 2 was performed using the method of infrared dimensional regularization (IDR) suggested in 
Ref. 38] in order to guarantee a straightforward connection between loop and chiral expansions in terms of quark 
masses and small external momenta. We relegate a detailed discussion of the calculational technique to Ref. [3(| . 

In Figs. 3 and 4 we display the two-body diagrams (contributions to the vector and axial operators, respectively) 
which are generated by the chiral Lagrangian ^ at order of accuracy we are working in. These diagrams include 
the terms generated by meson exchange and by the contact terms representing contributions due to heavy states 
and generated by the two-body 0{p^) chiral Lagrangian d"qq ((2d)) . Inclusion of the two-body quark operators in the 
evaluation of the vector and axial couplings of baryons goes beyond the scope of present paper and will be done in 
future [therefore, in the numerical calculations we will restrict to the one-body approximation]. Here we just give the 
general expressions for the Fourier transforms of the two-body operators J'^'^y^l^'^ (9) '■ 

Cv^'\q) - / d'^xe-^'^^ J2 iqJi^)'^l,nq^i^) qiix)Tl,^^q,ix)), m^\q^) , (9a) 
Cf^\q) = I d'xe-^'^^ fe(^)r4„9.(^) qiix)r^,^^q,ix)), glt\q') , (9b) 

m 

where F^^^-* reflects the corresponding spin structures, f{g)^m^((l^) are the two-body quark form factors encoding 
chiral effects and m is the summation index over possible contributions to the two-body operators. We discuss the 
two-body operators in Appendix B. 

In order to calculate the vector and axial current transitions between baryons we project the dressed quark operators 
between the corresponding baryon states. The master formulas are: 

{BAp')\ JtvWl) \B^^P)) = (2^)' ^^^P' -P-l) KviA)iP'P') ' (10) 

Kvip^p') = E/^'('?') ^B^^p')\ K'ki^) mp))+Y.f'r^''iq') {bap')\ (0) \B^ip)) 

k=l m 

= UsAp')UFr^[q-) + '''-f Fr'iq^)+ ; Ft'^iq^)W{p) , (H) 

i ms, + ruB, rriBi + m-B, J 

M^^f{p,p') = j29^{q^){B,{p')\Al,mB,{p))+Y^gt\q^){BM)\At^^^^^ 



k=l 



= UB, [p') \ 7, 75 Gf {q') + '^f 75 Gf (,2) + J 75 Gf (g2) \ub. (p) , (12) 

L mB, + tub, + riiB^ ) 

where Bi[p) and UB^ip) are the baryon state and spinor, respectively, normalized via 

{B,{p')\B,{p)) = 2Eb, (27r)3<53(p-p') , ubM^bM - 2ms. (13) 



with Eb^ = \/''^T''b. + P^ being the baryon energy and mB^ the baryon mass. The index i(j) attached to the baryon 



state/field indicates the flavor of the quark involved into the semileptonic transition. Here, p^^^^ (g2~) g^j^j^ G^'^^ (q^) 



with k = 1,2,3 are the vector and axial semileptonic form factors of baryons. 
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The main idea of the above relations is to express the matrix elements of the dressed quark operators in terms of 
the matrix elements of the one- and two-body valence quark operators ^^"'^(0), A^^(O), V^;'^'(0) and ^Jf^m(O) ^"^d 

encode the chiral effects in the form factors fl^{q^), g]^{q^), f^'^Kl^) ^"^^ 9]^^{9^)- The set of the valence quark 
operators is defined as 

(0) = (9,(0) r,^,™g.(o) m vum), , a^^^m = (g,(o) vt,.^^qm m ^Lnim), (i4b) 



where 



j^v _ — ^(^liuq _ qii 

u.l — 7P : U.2 ~ I I U.3 ~ I I 

mi + TTij nii + rrij 

r^.i = 7p75 , r 2 = — - — 75 , r 3 — p — 75 . 15 

The set of Eqs. pop - (|15p contains our main result: we perform a separation of the effects of internal dynamics of 
valence quarks contained in the matrix elements of the bare quark operators V{Ay^ /.{O), y(A)^^(0) and the effects 

dictated by chiral dynamics which are encoded in the relativistic form factors fl^q"^), g^^ frii'^^il'^) g]^^{q'^)- 
In particular, the results for the baryon properties (static characteristics and form factors in the Euclidean region) 
derived using the above formulas satisfy the low-energy theorems and identities dictated by the infrared singularities 
of QCD [see, e.g., the detailed discussion in Refs. [H,[33|], Let us stress that consistency in the present formalism with 
ChPT is limited since we cannot consider baryonic matrix elements in Minkowski space. Due to the factorization of 
the chiral effects and effects of internal dynamics of valence quarks the calculation of the form factors /(s)^ (9^) and 
f {g)m'^ {1^) encoding chiral dynamics, on one side, and the matrix elements of F(A)^^(0) and y(A)^^(0) encoding 
effects of valence quarks, on the other side, can be done independently. The evaluation of the matrix elements 
F(A)^j,(0) and V{Ay-i^J^{Q) is not restricted to the small squared momenta and, therefore, can shed light on baryon 
form factors at higher Euclidean momentum squared in comparison with ChPT. In particular, as a first step we 
employ a formalism motivated by the ChPT Lagrangian, which is formulated in terms of constituent quark degrees 
of freedom, for the calculation of /(g)^"'('?^) and figYm^iq^). The calculation of the matrix elements of the bare 
quark operators can then be relegated to quark models based on specific assumptions about internal quark dynamics, 
hadronization and confinement. Note that Eqs. (fT0|) - p3|) are valid for the calculations of dressed vector and axial 
quark operators of any flavor content. 



C. Chiral expansion of vector and axial quark couplings 

In this section we present the results for the chiral expansion of the vector — /^"'(O) and axial g^ — 3i"'(0) 
quark couplings for various i j flavor transitions in the SU(2) (isospin) limit. We begin by deflning the quark wave 
function rcnormalization constant Z. In particular, the tree graphs Ttroo in Figs. 1(a) and 2(a) should be renormalized 
in terms of Z via l/2{Ttrcc, Z}. Details of the calculation of Z can be found in [36]. In SU(2) we flnd 

Z^l-^R^ (16) 

while in SU(3) we have 

diag{Z, Z, = / - "^P^P (1^) 

P=iT,K,ri 

where in both cases Z = Z^ = Z^ and 



m 



(^^^iQ+ 'p-^h, aK = -iQ + 21 + ^Xs , a^---^Q + \l+^h- (18) 
Here Q = diag{2/3, —1/3,-1/3} and the quantity Ap is deflned as 

Ap = 2M|Ap, Ap = ^J^--(ln47r + r'(l) + l)|. (19) 
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In Appendix A we explicitly list the contributions of the various graphs to the vector (Fig. 1) and axial (Fig. 2) 
couplings. First, we discuss the vector couplings. For completeness, we consider vector currents conserving the quark 
flavor, i.e., corresponding to electric and isospin charge, as well as those involving d ^ u and s — s- u transitions. Due 
to charge conservation and isospin invariance, the total contribution of the diagrams of Fig.l properly reproduces the 
quark electric and isospin charges. In addition, the vector coupling governing the d — > u transition is equal to unity 
— fi^ = 1 [a detailed discussion for both SU(2) and SU(3) is presented in Appendix A]. As stressed in Ref. [13] the 
total contribution of diagrams shown in Fig.l to these quantities is finite and no unknown LEC's appear at the order 
of accuracy to which we are working in. In the case of the s — > w transition, the total contribution of the diagrams 
given in Fig.l to the corresponding vector coupling /f" is finite but contains symmetry breaking corrections of second 
order in SU(3) — 0{{Mk - M^f ) and 0{{Mk - M^f). Note, that the AdemoUo-Gatto theorem (AGT) protects 
the coupling /f" from first-order symmetry breaking corrections. As shown explicitly [c/. Appendix A] the AGT 
holds for the two sets of diagrams set I and set II independently. For set I, including the diagrams of Fig. 1(a), (b), 
(e), and (f) and for II, including the diagrams of Fig. 1(c) and (d) we have: 

js«,7 _ ^ jsu,{i) _ ^ E_{^}J^^ _|_ }J^j^ ^ Gt^k + Gr,K) (20) 

2— a,fc,e,/ 



and 

psu;ll \ ^ rsu;{i) 

~ ~ 16 



/r^" = E f^'"^ = -U^^^ + ^^^^ ■ (21) 



The 0{p^) functions Hab and Gab-, which show up in the context of ChPT [see, e.g., Refs. [1, [H, [H [H, [13, HI, El], 
are defined as 

Therefore, the final result for the s — > m quark transition vector coupling is 

/r = ir' + fr" = i + ^/r = ^ - ^ ((i + ^g'KH.K + h,k) + ^g^G^K + g,r-)) (23) 

where " is the total SU (3) breaking correction. 

Next we turn to the discussion of the axial couplings governing the d u and s u quark flavor transitions. The 
expressions for the axial (isovector) charge gi and the axial couplings responsible for the d ^ u and s u transitions 
f/f" and gf^ are given in the following [cf. Appendix A for the expressions of the separate diagrams in Fig. 2]. In 
SU(2) we have 

51 = .f" = .{l - ^ + (3 + 3g^ - Aclm + Sc^) } + 4M^{< - ^ (1 + 5^) A.} . (24) 

Absorbing the infinity in the LEG d^e 

d\e=d'i6 + ^^(l+9')K (25) 



we arrive at the ultraviolet-finite (UV) expression for gi: 



.91 = = .9 + Sg^^ = ,|l - 1^ + (3 + 3g' - Aclm + 8c^m) | + , (26) 



where Sg^^ is the SU(2) chiral correction. 



8 



In SU(3) the corresponding expression for the isovector axial coupling gi is: 



Ml /„ 9 , \ . g^M^ 



3 + 7:9 + 8C|m + 



if 1 16 3 17 2F2 I 9 ^ / 647r2F2 m2 727r2i^2 ^2 



(27) 



where the divergent quantity 



^ -i(ln47r + r'(l) + l)L (28) 



167r2 \d-A 2 

coincides with Ap when m = Mp. The last two lines in Ea. (|27p . containing divergences, can be written in more 
compact form in terms of one of the divergent quantities Ap (P ^ tt, K,r]) — e.g., in terms of A^, these lines have the 
succinct form 



where 



2M^ ^Dl, + -Dl, -j2[^ + yff j - (1 + 
2Ml (2DI, - \dI, - ^ (1 + f 5') + i9')LK,^ , (29) 



L^^ ^ ^ In Ml (30) 

327r2F2 M2 ^ ' 



Again we remove the divergences in gi using the renormalized LEC's Dig and D"^ 



Die = ^?6 + ^(l + f.9^)A., 



Dl, = D\, + ^\l + -g'j\. (31) 

Therefore, the result for the renormalized coupling gf"" in SU(3) is expressed in terms of the axial charge and quark 
mass in the chiral limit, meson masses and two unknown LEC's Di^ and -D17: 

^3 + 3<?2 - 4C|m + 8C|m^ + + ^ 8C|to^ ^ 



247rmF2 V ^ / 487rmF2 ^ 2^ / 487rmF2 

2M2 (dI^ + - (1 + 252)L,„) + 2Ml (2D\, - \dI^ - ^(1 + ig^)LK^ (32) 



3 , , 

where 6g^^ is the SU(3) chiral correction. 

Also we perform an expansion of gi — gf^ in the powers of the SU(3) breaking parameter iris ~ rn. 

9i=9f"=9r'+Sgi (33) 

where 
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is the SU(3) symmetric term, and 



(551 = (Ml -Ml) 
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967r2F2 

r2\2\ _ 



59 



gM 



96TTmF^ 



M. 
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2\2n 



- 16C|m + 24C|to - -D 



'n 



(35) 



is the SU(3) breaking term, where we display the first-order term. Here for convenience we define the so-called SU(3) 
symmetric octet mass M of pseudoscalar mesons as = 2fhB with m — {rriu + + mg)/i = {2rh + TOs)/3. 
Likewise, we have the result for the s u flavor transition axial coupling g\^ in terms of and D\.j: 



9 + Sgr' 
327rmi^2 



1 



35^ 



647r2i^2 



Mi 



2M|- 



Af2 



Ml 



Af3 



647rm_F2 
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64:TTmF^ 



6 



■9 



9 2 



16C|r 



2A/i D 



'16 



6 



';{! + 3g')L^, ) + 2M|, ( 201^ + i^?^ - J(l + 35')L/f, 



(36) 



where 



is the strangeness changing chiral correction. The nis — m expansion for the gf" coupling reads: 



9i 



SU rt^^^ 



(37) 



where 



{Ml - Ml: 



9 



1927r2i^2 



79 



gM 



1927rmF2 
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g^ - 16C|to - 16C|to 



+ - MlY) EE h^iMf, - M2) + - MiY) 



-D 
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(38) 



D. Bare quark matrix elements 



Now we are in the position to discuss the calculation of the matrix elements of the bare quark operators derived in 
Eqs. (fTTjl and (fT2|l and restrict in the following to the one-body approximation: 

V^AO) - g.(0)7M*(0) : 4a(0) = 9.(0)7^759.(0) • (39) 

As stressed earlier, the evaluation of these matrix elements can be done independently of the calculation of chiral effects. 
Therefore, it can be relegated to a quark model based on a specific scenario about hadronization and confinement of 
quarks within baryons including internal quark dynamics. 

As mentioned in the Introduction, in the calculation of the baryon matrix elements ( V^.i ) ~ {Bj {p') \ (0) \Biijj)) 

and (^^,1 ) = {Bj{p')\ A^^(O) \Bi{p)) we employ a general ansatz for the spatial form of the quark wave functions, 
without referring to any specific realization. In a forthcoming paper [3^ we will evaluate the baryon matrix elements 
using a Lorentz- and gauge-invariant quark model based on a specific hadronization ansatz - i.e. modeling internal 
quark dynamics, which goes beyond additive quark model. Note that in Ref. we did an analogous study of the 
electromagnetic properties of the baryon octet and the A(1230)-resonance. One should stress that the approach [s^l 
is resticted to the evaluation of baryon matrix elements in the Euclidean space to avoid unphysical cuts. Therefore, 
it pretends to the evaluation of the baryon matrix elements only for the Euclidean transfered momentum squared. 

In the evaluation of the bare matrix elements (V^.i) and {A^^^i) we follow, e.g., Refs. [1, [1^. We begin by 
introducing the ground-state wave function of the quark with flavor / moving in a spin-independent central potential: 

qf{^) = 9/(2^)6^'^*, Ifi^) = XsXfXc, (40) 

where u / (r) and I / (r) signify the upper and lower components of the quark wave function (in the nonrelativistic limit 
If vanishes); Xs, X/, Xc are the spin, flavor, and color quark wave functions, respectively. Note that this form of the 
quark wave function also appears in relativistic harmonic oscillator models utilizing a central potential [see references 
in [39]]. In the following we use the notation {u — u^ — Ud, i — lu = Id) for nonstrange and {ug, Ig) for strange quark 
wave functions. In practice it is also convenient to introduce ratios between the two sets of wave functions via: 



(41) 
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The normalization condition for the spatial wave function is: 

d^xql{x)qf{x) = J d^xiu}ir)+l}{r)) = 1. (42) 

Now we are in the position to pin down the matrix elements ( V^^i ) and ( A^^i ) by considering quark operators with 
different flavor structure. We begin by calculating the vector matrix elements for the respective initial and final baryon 
states: 



d^x 



Ui{r)uj{r)+k{r)lj{r) 



(43) 



fe=i 



where the spin-flavor matrix elements {Bj "f | ^ X^j\Bi 1) are evaluated using the simple SU(6) quark model: 

fe=i 

1 for n ^ p 

-^/3j2 for A 

— 1 for n 

for S- ^ A 
k=i for E- A 

yT72 for E- ^ E" 

1 for S" S+, 



(44) 



A^j are the linear combinations of the Gell-Mann flavor matrices, and relativistic effects are included in the overlap of 
the spatial quark wave functions. It is clear that F"^(0) = 1 as required by conservation of the vector current (CVC) 
— the CVC prediction of unity emerges as the normalization condition (|42p for the spatial quark wave functions. 
Note that in the SU(3) limit, wherein quarks, independent of their flavor, have identical wave functions, the "spatial" 
integral in Eq. is identical to the wave function normalization condition (|^^ . As a result in AS* — 1 transitions 
the corresponding vector current is also conserved to the extent that the s- and w-quark are degenerate in mass. 
In the case of the corresponding baryon axial matrix elements, we have 

.BiBj _ 



AX'"' = {B, t I / d'xq,ixh'j'q,{x)\B, T) 



d-'x 



u^ir)uj{r) - -k{r)lj{r) 



{B,UY.''3^'^\B^ T>, 



(45) 



fc=i 



where the spin-flavor matrix elements {Bj "f | J2 '^s^'jil^i T) are evaluated using SU(6): 



k=l 



fe=l 



5/3 for n p 

-VW2 forA^p 

1/3 forS-^n 

v/273 for ^ A 

yr/e for E- ^ A 

5/(3\/2) for E- 

^ 5/3 for E° E+ 



(46) 



and, again, relativistic effects arc included in the overlap of the spatial quark wave functions. 

Using the normalization condition the integrals over the spatial quark wave functions can be simplified. There are 
three possible situations: 1) overlap of nonstrange quark wave functions; 2) overlap of strange quark wave functions; 
3) overlap of nonstrange with strange quark wave functions. In the first case we have 



Ia = / d^x 



= 1 



= 1-- / d^xfir). 



(47) 
(48) 
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In the second case: 



(fx 
(fx 



ul{r)+ll{r) 
nlir) - \ll{r) 



euu\r)+ifl\r) 



1-3^ / (fxl\r) = \+S,'f{lA 



where ^„ and ^/ can be written in terms of the axial structure integral I a via: 



c„ = wi + 3(i-ef) 



^"Ia 



(49) 
(50) 

(51) 



It is clear that in the SU(3) limit — = 6 ^ 1 — the expressions for the overlap integrals ly and reduce to ly 
and I A, respectively. 

In the third case we have: 



(fx 
(fx 



u{r)us{r) + l{r)ls{r) 



u{r)us{r) ~ -l{r)ls{r) 



d^x 



6 



iu + -^{iu-ii){lA-l), 



(52) 



d^xl\r)^iu + 



% + (53) 



Here the parameter ^„ can be rewritten by using identity ([5T|l . Therefore, all structure integrals (/y, /a, /y, 1%, ly, 



Ia)i involving spatial quark wave functions are either fixed precisely (like ly 



1) or are expressed in terms 



of I A and the parameter In the case of exact SU{3) symmetry the vector and axial integrals are degenerate 



Iv=Ilr-- 

are unity 



ly — 1 and Ia = 1% = ■ the nonrelativistic limit Ia = 1, £,u 



1 and all these structure integrals 

(54) 



It should be stressed that the all vector integrals satisfy the AGT — either they are exactly equal to imity (like ly 
and ly), or deviate from 1 by the corrections of second-order in SU(3) breaking. Specifically, 



21 + 31 A 



(55) 



where 5 = ^/ — 1 is a SU(3) breaking parameter. In the case of the axial overlap integrals and Ia the SU(3) 
breaking corrections begin at order 0{6). 

Finally we note that the bare matrix elements (which contain the effects of valence quarks) can be expressed in terms 
of the axial structure integral I a and the parameter 6, which encode the effects of SU(3) breaking, i.e., distinguish 
the lower components of the strange and nonstrange quark — 



1 + SI 



V 1 



iX^ Ia + six , 



I A + SI 



A : 



(56) 



where 







SIX 




SIX 


= (1 




(il a 



1 + (1 - /^) I 1 - ^ - I ) = (/^ - 1)<5 + as') = 0{S) , 



(57) 



derived in ChPT and by AdemoUo and Gatto in Ref. [l]] we express the quantities Ia and (5 = ^; — 1 in terms of 
parameters of the chiral Lagrangian ([1]). 



III. SEMILEPTONIC VECTOR AND AXIAL COUPLINGS OF BARYONS 

In this section we combine chiral and valence quarks effects in order to derive the expressions for vector gy'^^ 
and axial g^^^^ couplings which govern the semileptonic transitions between octet baryons. Note, we use the phase 
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convention Q which gives e.g. the positive sign for the axial coupling of the neutron /3-decay. In particular, 
neglecting contributions of order q = p' — p the matrix elements of semileptonic decays of the baryon octet is 
determined by two constants ffy'^^ and g^^^^ as: 

KvUp^p) = KtiP'P) - KfiP^P) = ^BAPh,i9v^' - l59f^')nBM ■ (58) 

Using Eqs. (dU, IT^ and the expressions for the couplings encoding chiral effects and valence quark contributions, 
the quantities gy'^^ and g^'^^ are defined as: 



A. Nucleon axial charge 

First we examine the nucleon axial charge and perform the matching to ChPT — we relate the parameters of our 
Lagrangian to those of ChPT. In SU(2) the expression for the nucleon axial charge is 

9A -9A + -^^f' (3 + 35] -4C3 mj, +8C4 mj,) + AM^J,, (60) 



in ChPT I27l-[29|, and 

9A = = \lA [9 - ^ + (3 + 3.g^ - 4c> + Sc^m) + (61) 

00 

in our approach, where gA and ttin are the values of the nucleon axial charge and nucleon mass in the chiral limit. 
Matching these expressions for the axial charge up to order ©(p*), we derive the following relations between the 
parameters of the two approaches: 

lj,= gR^lgIj, = lg(l^^ f x f {r)) , (62) 



3^ 3-^ V 3 „ 

O 3 

- - 'fA (< - , (63) 

2 

_^ £4 _ C3 ^ 1+g^ + 4 . (64) 
8mN 3 6 8m 3 6' 

Here for convenience we introduce the definition R ~gA / 9- Then from the first matching condition wc can derive 
constraints on the "axial" integral I a (|48l) and on the integral over the square of the lower/upper components of the 
spatial quark wave functions — 

Ia = Ir (65) 
5 

and 

/• „ . /■ . ■?. / 9. \ 

(66) 



j (i'xl\r) = l- j d'xu\r) = -^{l-^R 



Therefore, the second matching condition (|63|) reduces to 

Taking into account the relation between the mass and axial charge both of the nucleon and the quark in the chiral 
limit 

^R^ (68) 

m V " 
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as derived in Ref. [36j from the matching of the nucleon mass in the two approaches, the third condition ((64)) can be 
simpHfied as 

C3-2c4 = c|-2c| + ^(l-i?2). (69) 

4 mjv 

We have two essential remarks: 1) the matching condition (j68p is very important in our approach, because it allows 
us to remove the unknown scale parameter — constituent quark mass — from the explicit expressions of the matrix 
elements; 2) for the evaluation of the nucleon axial charge we do not require an explicit form for the spatial quark 
wave functions [see Eq. (|66p ] . 

Having dealt with SU(2), we note the corresponding expression for the nucleon axial charge in SU(3): 



3 + 3g2 - 4C|to + 8C|to 



247rmF2 V / 487rmF2 

+ 2MIr(^DI^ + ^Dl, - (1 + 2.g2)L,,^ + 2M|i?(^2^?6 - ^Dl^ - 1(1 + 35")^^,) ■ (70) 

Substituting g ~ qa /R and m —rriN / E? we finally get: 

167rmArF2 V 2 3 y ^SuniNF^ ) 

2 2 

where 



2M2 i? ( + -i??, - ^3 i.. 1 + 2Mi i? ( 2 - 3 - i^-^ ) . (71) 



° OA 



B. Baryon octet semileptonic couplings 

Now we turn to the discussion of the vector and axial couplings gy^^' and g^"^^ ([59]) governing the semileptonic 
decays of the octet baryons. Our results are summarized in Table 3, and have a relatively simple structure. 

In the case of the vector coupling gy^^^ , our results are unchanged from those of the SU(3) limit in the case of the 
two AS* = transitions, while in the case of the five AS" — 1 transitions, our predictions are found by multiplying the 
simple SU(3) limit forms by the common factor \ -\- 5y . Here 

5v = Sfr + Slt^ + SfrSPy (73) 

where the factors 5ff^ and Sly have been defined in Eqs. (j23p . and ([57]) and are both second order in SU(3) breaking, 
in accord with the AdemoUo-Gatto theorem [1]. 

In the case of the axial coupling g^'^^ the SU(3) symmetry breaking is first order and, as derived in Ref. [l| and 
discussed e.g. in Refs. 0, Uli, can be described in terms of an effective Lagrangian containing two SU(3) symmetric 
terms proportional to the conventional couplings D plus F and four first order SU(3) breaking terms proportional to 
the couplings Hi (i = 1 • • • 4) : 

C = D {BnHa^B}) + F {B^'KB]) + ^ {Br^^B{a^\s}) + ^ (BnHa^XsjB) 
+ ^ {B-f^^^a^BXs - BY'l^X&Ba^) + ^ (50^)7^7' (^Ag) + {B\^)-i^'-i^Ba^) 
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where 



S7\/2 + A/x/6 S+ 
B={ E- -E7V2 + A/\/6 n 1 (74) 




is the octet of baryon fields, while denotes the external axial field 

I , (75) 



with Vud and Vus being the usual CKM matrix elements. 

The axial semileptonic couplings of baryons are then expressed in terms of the constants D, F and as (see also 
Refs. 0,[il|): 

gJ = D + F+'^iH2-H,), 



5r" = ^-^^-^(^i+^f3) 



5a = \/ o ( ^ + 3(^1 + ^2 + 3^f4) ) , (76) 
gT^ = \ll{^-J + -H2- 3i/3 + 6i/4) ) , 

gf^^ =D + F-^{H2-H,). 

In our approach the axial couplings are expressed in terms of the SU(3) symmetric contribution — ^gf^^lA and 
two symmetry breaking factors Sai and using the definitions (see also Table 3): 

^gjA = gf'{l + 6Aj, (77) 

Igrn = gTn^ + SA.)- (78) 

The basic symmetry breaking pattern is then similar to that in the case of the vector current — the two AS" = 
transitions are altered from their SU(3) values by one factor 1 + Sai while the five AS — 1 transitions are modified 
by a different factor 1 + 6a2 , where 

sir . SI% 5gr SIX 

= ^ + 77 + ^17- (79) 

Note that both factors Sai include not only leading — ©(m^ — rri) — but also higher-order SU(3) breaking corrections. 
In order to identify the effective couplings D, F and Hi in Lagrangian ([7^ we reduce the expressions ([75)1 to the pieces 
first order in SU(3) breaking. Then the leading-order factors are given by [see Eqs. ([55)1 . (PS)) and ([FT)) ] 

^a! - i(^4-M.^), (80) 
5i 

4^ - -^SMl-MD-'—I^S. (81) 
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where the superscript (1) indicates that we have truncated the full expressions to include only the pieces first order in 
SU(3) breaking. Matching our results then for the axial couplings g^'^^ to the model-independent predictions ([76]) 
we find 

D = If= ^gf ^ (82) 

for the SU(3) symmetric contribution, and 

Hi ^ Ih2^\ I a hi {Ml - Ml) = -Ia h2 [M], - M^) + gf^' (1 -I a) 5, (83) 
Hs ^ Hi ^ (84) 

for the SU(3) breaking terms. Therefore, to first order in SU(3) breaking the factors $'"21 and S[^^ are not independent 

and are related via d'"^^ — —2(5^^^'' which in terms of parameters of chiral Langrangian ([T]) or model- independent 
Lagrangian (j74p can be written as: 

sT = ^ = ^{Ml - Ml) = - 2 (-^(A4 - Ml) -'-^Sy (85) 



Then using the relation ((83|) or ([85]) we deduce the following constraint involving the parameters of the chiral La- 
grangian and the quantities defining the matrix elements of valence quarks (bare quark matrix elements): 

Ml-Ml l-lA 
^ (4^F)2 - ' ^ ^ 

where 

The latter equation can be used to express the unknown quantity S in terms of the parameters of the chiral La- 
grangian ([T]) — 

- G/. Ml -Ml ^^^^ 



1-Ia (4^F)2 



Substituting Eqs. l(57|) and ([88]) into Eqs. ([73]) we can then in turn express Sy (the leading contribution to Sy including 
second order SU(3) breaking) in terms of the parameters of the chiral Lagrangian ([T]): 



^ " 2{l-lA)il + 3lA) i^nF)^ ■ ^''^ 



IV. NUMERICAL ANALYSIS 



Now we perform the numerical analysis of the vector and axial couplings of quarks and baryons. First, we deduce 
constraints on the quark LEC's from the data on semileptonic decays of the baryon octet. Then we compare our 
results for the axial baryon couplings to the ones of baryon ChPT in the large- A^c limit [2l|, obtained from a fit to 

the measured decays and ratios g^'^^ /.9y'^' ■ 

For the quark parameters in the chiral limit we use g = 0.9 and m ~ 420 MeV, values fixed previously in [sgI. [37t. 
Note that these parameters are related to the corresponding nucleon quantities gA and mjv via the matching condition 
In particular, using the values c/a — 1-2, 1.2695 (data), 1.3 we find for the nucleon mass in the chiral limit the 

o 

results nipf = 746.7, 835.7, 876.3 MeV, respectively, which are consistent with the values deduced in the context of 
the baryon ChPT (see discussion in M, 21, M, M, M) ■ 

First, we analyze the axial charges of the quark and the nucleon in SU(2) and SU(3), respectively. In SU(2) the 
corresponding quantities in terms of the LEC's c|, c1 and dfg are given by 



gi = 0.939 -h 0.078 a, 
a = 0.195 (2c|-c|)GeV-f46GeV^ 



(90) 
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and 

0.104 a for .gA= 1.2 
ffA =<( 1.324 + 0.110 a for 1.2695 (91) 
0.113 a for °gA= 1-3 

Matching the expression for (|9T|) to its experimental value we derive the following constraints on the SU(2) quark 
LEC's: 

for °gA^ 1-2 

for 3^= 1-2695 (92) 
for gA^ 1.3 

Using the matching condition ([69)) . relating the combination 2c4 — c| of quark LEC's to the correspon ding 
ChPT LEC's C3 and C4, and using the averaged values of C3 = —4.7 GeV~^ and C4 = 3.5 GeV~^ from [4^ 
we estimate the LEC = -1.957,-2.605,-2.868 GeV'^ (the corresponding ChPT LEC dig is equal to 

—2.469, —3.486, —3.931 GeV^^). Note that for the axial charge of the quark at one loop we find the values 

g\ = 0.952,0.9,0.879, respectively, which correspond to the values of g^i — 1.2, 1.2695, 1.3. 
In SU(3) the corresponding results for the axial charges are 

51 = 2.163+1.014/3, 

/3 = (-0.012 C| + 0.563 C|)GeV+(l)?6- 0-147 -D?7)GeV^ (93) 

and 

' 2.884+ 1.352/3 for .9^= 1.2 
5.1 =>( 3.051 + 1.430/3 for .9^= 1.2695 (94) 
3.124+ 1.464/3 for .9^=1.3 

Matching the expression for gA (|94|) to its experimental value we derive the following constraints on the SU(3) quark 
LEC's: 

for °gA= 1-2 

/3= <( -1.246 for 1-2695 (95) 
for °gA^ 1-3 

Next we estimate the quark vector coupling /f". We determine 

/r = l + fJ/f" = 1.070, (96) 

i.e., an SU(3)-breaking correction = 7%. 

Next we extract information about the SU(3)-breaking parameters 5y and b^-^ and find an additional constraint 
for the linear combination of LEC's C|, C\ and using data for the ratios r^^^i = gA^^^ / gy'^^ ■ Direct calculation 
of Sy'' and s[^^ gives: 

= <( 0.070 - 0.103 4 for ,9^= 1-2695 (97) 




0.070- 


0.074 


ry 


for gA^ 


1.2 


0.070- 


0.103 


ry 


for ,gA= 


1.2695 


0.070- 


0.123 


ry 


for 5A= 


1.3 



and 



independent of the value for gA, where ry and rA are given by 



S'x'^ = -0.136rA (98) 



ry 



1 - 0.935 C| GeV 



1 + 0.415 71 

f 0.449 72 
1 + 0.415 71 



1 + 0-449 72 

rA = , , n — - (99) 
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Here 71 and 72 are the combinations of the quark LECs: 

71 = L»^gGeV2- 0.311 (C|-3C|)GeV, 

72 = GeV^- 1.400 (2C|-3C|)GeV. (100) 

Matching our results for r-^'^J to data 3 for the five semileptonic modes we have the foUowing conditions involving 
the parameters Sv and Sa- 

r"P ^ gA = .9^^-^ (1 + 5^]^^) ^ 1.2695 ± 0.0029 , 
^Ap ^ ^ ^ Q ^ Q 

^sn^_£^l = -0.34 ±0.017, (101) 



3,i"3 


1 - 




5 


1 + 






1 - 




5 


1 - 






1 - 




5 


U 




— 9 a 


1 - 


- ¥'1^ 


1 - 





A ^ ^ Q_2b ± 0.05 . 



1.20 ±0.04 ±0.03. 



Restricting to the central values of the data, we deduce the following constraints on 5y^ and J^^'' : 

g^^' il + 5^^^) = 1.2695 from the n^p transition (102) 



I from the A^p transition 

1 ^ 9*^/1 I 1.700 from the n transition 



l + I 1.250 from the S" ^ A transition ^ ' 

^ I 1.200 from the S° E+ transition 

The three modes (A — s- p, — s- A, S*^ — > E+) are quite consistent with each other. Future, more precise data for 
the E~ n mode will probably yield a smaller value for r^". As already stated above, in order to get a better 
quantitative agreement with experiment we plan to go beyond the simple SU(6) quark model. Then we intend to 
evaluate the valence quark matrix elements (see discussion in Sec. II. D) in a fully relativistic quark model based on 
a specific scenario about hadronization and confinement of quarks inside the baryon [3^ . Roughly speaking, instead 
of the trivial identities (jl02p and (|103p involving only two SU(3) breaking parameters 6v and Sa we will derive more 
general identities involving additional symmetry breaking parameters. 
Using Eq. p02p we derive the following constraint on the quark LECs: 

for °gA^ 1.2 

71 - 0.14772 = { -1.195 for gA= 1.2695 (104) 

for gA^ 1.3 

Next, using the typical value ~ 1.2 for the ratios in Eq. (|103p we deduce the following constraints on the linear 
combinations of quark LEC's: 

71 + 0.078 72- 0.130 C|GeV = -1.787 for 1.2, 

71 + 0.079 72- 0.174 C|GeV = -1.899 for 5^= 1.2695 , (105) 
71 + 0.080 72- 0.205 C|GeV = -1.962 for .9^= 1.3. 




Finally, using two equations (|104p and (|105p on four LECs C|, C|, I?^g and Df^j we can express two of them (e.g. 
DIq and Df^) through the other two (C| and C|) as: 

For }jA^ 1.2 



Dfg = -1.565 GeV-2 + 0.311 (C| - 2.727 C|) GeV"^ . 
= -2.862 GeV"^ + 2.800 (C| - 1.294 C|) GeV"^ , 



(106) 
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For gA= 1.2695 



For .gA= 1.3 



L'fe = -1.652 GcV"^ + 0.311 (C| - 2.637 C|) GeV"^ , , . 

L»?7 = -3.111 GcV"2 + 2.800 (C|- 1.225 C|)GeV-^ ^ ' 



DIq = -1.699 GeV~2 + 0.311 (C| - 2.573 C|)GeV-^ , , . 

L'?7 = -3.283GeV"^ + 2.800(C|-1.177C|)GeV~^ ^ ' 

Note, that the constraint ((95)) on the SU(3) quark LECs was obtained without dropping the higher-order terms in 
SU(3) breaking, while the constraints (|106p - p08p were derived using the approximation for SU(3) breaking terms 

6v and S'^^. restricting to their leading terms. 

Finally, for completeness we also present numerical results for the axial couplings at values of °gA— 1-2 and C| — 1.07 
GeV""'^. The other three LEC's C|, D\q and Z)^-. are then constrained as: 

£>«6 -0.311 C| = -1.668 GeV"^ (109a) 
- 2.800 Cl = -6.739 GeV"^ . (109b) 

Predictions for g^'^^ of different semileptonic modes are given in Table 4. We also indicate the results of heavy 
baryon ChPT in the large-iV^ limit |21J. In Table 5 we additionally present our results for the semileptonic decay 
widths of hyperons, which are calculated using the expression [50|| at order 0((tob; — m^^ )®) and without inclusion 
of radiative corrections: 

T[B, ^B,+l + n) = ^|ycKMp(Am)^(l - 3<5) ([g^'^^'f + 3(.gf '^0^) r{x) . (110) 

In the last expression we have Am = niBi — , S = (ms^ — niBj) / [mBi +mBj), Gf — 1.16637 x 10~^ GeV~^ is the 
Fermi coupling constant. For the corresponding CKM matrix elements Vckm = Kid or Vus we use the central values 
from [3J: Vud = 0.97377 and Vus — 0.225. Here r(x) is the function which takes into account the charged lepton mass 
TO/: 



r{x)^VT^(l-lx'~AxA+^xHii^^^^^^ (111) 
V 2 / 4 1-Vl — a; 

where x = mi/Am and r(0) = 1. 



V. SUMMARY 



In this paper we have analyzed the semileptonic vector and axial quark coupling constants using a manifestly 
Lorentz covariant chiral quark approach up to order 0{p'^) in the two- and three-flavor picture. The resulting 
quark couplings were then used in the evaluation of the corresponding hadronic couplings which govern semileptonic 
transitions between baryon octet states. In the calculation of baryon matrix elements we utilized a general ansatz for 
the spatial form of the quark wave function, without referring to any specific realization of baryon hadronization and 
confinement. Matching physical amplitudes, calculated within our approach, to the model-independent predictions 
of baryon chiral perturbation theory (ChPT) allowed us to deduce the relations between the chiral quark parameters 
and those of baryon ChPT. 

Our main results can be summarized as follows: 

- Evaluating the chiral and SU(3) symmetry-breaking corrections to the semileptonic vector and axial quark 
coupling constants, we determined that the SU(3) symmetry-breaking correction to the vector coupling /f", governing 
the s ^ u quark fiavor transition, is positive and equal to 7%; 

- Performing the matching to ChPT we reproduced the analytical result for the nucleon axial charge gA in SU(2). 
We also determined the expression for gA in SU(3); 

- We derived results for the vector and axial couplings governing the semileptonic decays of the baryon octet, 
revealing both chiral and SU(3) symmetry-breaking corrections; 

- We presented a numerical analysis of the calculated quantities and derived constraints on the parameters of the 
chiral quark Lagrangian (LEC's) using experimental data for gA and the ratios r^^^j — g^'^' / gy^^\ We also gave 
estimates for the semileptonic decay widths of hyperons. 
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In future we plan to improve the quantitative determination of the valence quark effects by resorting to a relativistic 
quark model [ssl \3T\ . describing the internal quark dynamics. This procedure will allow us to give predictions for 
all six form factors showing up in the matrix elements of the semileptonic decays of the baryon octet. With the 
explicit form factors and with additional radiative corrections included we intend to give accurate predictions for the 
corresponding decay widths and asymmetries. 
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APPENDIX A: CONTRIBUTIONS OF DIFFERENT DIAGRAMS TO THE VECTOR AND AXIAL 

QUARK COUPLINGS 

In this Appendix we discuss the contributions of the various graphs in Figs.l and 2 to the vector and axial couplings 
with different flavor structures. The separate contributions of these graphs to the vector and axial couplings are listed 
in Tables 1 and 2, respectively. We use the following notations. The quark charge matrix Q = diag{2/3, — 1/3} in 
SU(2) and Q = diag{2/3, -1/3, -1/3} in SU(3); the unit 2x2matrixX = diag{l, 1} and 3 x 3 matrix / = diag{l, 1,1}. 
All further flavor matrices are expressed in terms of the charge, unit, Pauli (r^) and Gell-Mann (A^) matrices: 

Tud ^ -^{ti + iT2) , A„d = ^(^1 + ^•^2) , A„s = ^('^^ + jAs) , 

5 

7^ = g , = 4 ' ^'J = 8 ' 

Xt — X% — X"^ — Xl — X3 , = A^' = = = 3Q — A3 , X'^ — X"^ — Xf^ — X{j — , 

Xl = Q + ll-Xs, A^ = -^Q-^/ + ^A3, x:,^Q-^I-h,. 
We introduce the functions Rp,Rp, Tp, lab and Jab- 













6 


9 




3 


4' 


~ 2 ' 


9 




9 


8' 


IK 


" 4 ' 



37r 



Rp = ^Ap + ^ . 1 Up 



, 3g\ ffMl f 57r 
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where fip 



Mp 



and 



lab — 



4F2 



MlMl 



2 - Ml 



647r2 



87rm 87rTO(Ma + Mb) 



and 



Jah 



3 
8^2 



327r2 



(A2) 



(A3) 



Below we discuss the vector coupHngs in detail. 

1. Electric charges: Summing up the individual contributions of the graphs in Fig.l to the electric charges we find 



in SU(2) and 



f? = 2(1 - + MK + Ri) + l:{I- r,)Rl 



f? = Q + J2^-PpRp + >^''pRp + >^pRp + ^pRp) 



(A4) 
(A5) 



in SU(3). 

Using the identities i?p + Rp — ^Rp and /3p 
SU(2) and = Q in SU(3). 



^^^^ 



Xp we verify electric charge conservation — = Q in 



2. The isotopic charge /i/2 and the d ^ u transition vector coupling /f" are given by the expressions: 



in SU(2) and 



/i = ft ^1-\r. + 2{Rl + Ri) - Rl 



h = /f = 1 - E Pp^p + 2« + Ri) + Rk + R^K ~ Rl 



3^" 



(A6) 



(A7) 



in SU(3). 

Again, using identities involving the functions i?p we arrive at 

/i = /f " = 1 

in both the two- and three-flavor pictures. 



(AS) 



3. The s ^ u transition vector coupling /™: The coupling /f" is finite but contains pieces 0((Mk ~ M^)'^) 
and 0{{Mk — ^riY) which are of second order in SU(3) symmetry breaking. The Ademollo-Gatto theorem (AGT) 
protects the /i"(0) from first-OTder symmetry breaking corrections. Moreover, the AGT holds independently for two 
sets of diagrams — for set I, including the diagrams of Fig. 1(a), (b), (e), and (f) and for set II, including the diagrams 
of Fig. 1(c) and (d). In the our derivation we use the identity 



A„M2 - AhM? 



Ml -Ml 



2Xa{Mi + Ml) + 



M^ 

b \ii 

167r2 Ml ~ Ml Ml 



Then the results for set I and set II are: 



rSU;I \ ^ rS 

h — 2-^ Jl 



and 



/r 



■JI 



(A9) 



(AID) 



(All) 



where the functions Hab = 0((M2 - Ml)^) and Gab = 0{{Ml - Mlf) defined in Eq. ^ of Sec.II.C. 
The final result for the s u quark transition vector coupling is: 



psu rS 

Jl — J I 



SU\I . rsujl 



/r 



= 1 - 
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(1 + 3g'){H^K + H^k) + ig'^iG 



(A12) 
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APPENDIX B: TWO-BODY OPERATORS 

The diagrams contributing to the two-body vector and axial quark transition operators up to fourth order are 
displayed in Figs. 3 and Fig. 4. First, let us discuss the diagrams in Figs.3(a)-(e) and 4(a)-(e). Note, the diagrams in 
Figs.3(c,d) and 4(c,d) are generated by an insertion of the two-body mass counterterm due to one-meson exchange, 
which is given by the four-quark operator 

Octix,y) = ^^2_,9(^h5Aj9(a;)Ay(a;-2/)g(2;)75Ajg(2/) (Bl) 

where 

is the meson propagator. Writing down the expressions for the diagrams in Figs.3(a)-(e) in the momentum space it is 
easy to show that the contribution of the diagrams in Figs. 3(a), 3(b) and 3(e) is exactly equal to the contribution of the 
diagrams in Figs. 3(c) and 3(d) but with opposite sign. Therefore, their total contribution vanishes. Such cancellation 
guarantees the charge conservation and excludes a double-counting of the one-meson exchange corrections. The 
diagram in Fig. 3(f) does not contribute to the time component of the vector current (only to the spatial component), 
therefore we have no contribution to the baryon vector couplings from the two-body operators displayed in Fig. 3. 

In the case of the two-body axial diagrams, the diagrams in Figs.4(a)-(e) do not cancel each other. Their total 
contribution in momentum space is given by 

- 1) E ]i^2^"W) ' ^^h'' "(Pi) u{v'^) Kl" U{P2) + (1 - 2) (B3) 

i—l * 

where u{pi) and u{Pi) are the quark spinors, Xa is the flavor matrix corresponding to the axial quark flavor exchange. 
One can see, that the contribution (jB3p vanishes for g = 1- The other two diagrams in Fig. 4(f) and 4(g) are generated 
by the one-body and two-body Lagrangians and they contribute to the axial couplings of the baryon octet. Note, that 
nonvanishing two-body operators corresponding to the meson exchange can be simplified. One can do the expansion 
of the meson propagators in powers of meson masses M as 

A is a free parameter representing an averaged exchanged momenta between quarks, and we remove the infrared- 
regular parts proportional to the 1/A^, i.e. they do not contain powers of meson masses. Numerical analysis of 
the contributions of the two-body diagrams will be done in future. Let us stress again, that the vector couplings of 
the baryons do not receive contributions from the two-body quark operators (see diagrams in Fig. 3), while the axial 
couplings receive the corrections quadratic in meson masses. It will not damage the nonanalytical chiral corrections 
derive in the one-body approximation (see Sec. Ill) and only will redefine the expressions for the quadratic corrections. 
Note, that such change of the quadratic chiral corrections will be consistent with ChPT due to the matching condition 
involving additional two-body quark LEC's. 
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Fig. 1. Diagrams contributing to the one-body vector quark transition operator up to fourth order. Solid, dashed and 
wiggly lines refer to quarks, pseudoscalar mesons and the external vector field, respectively. 
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(b) 



(c) 
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(f) 



+ 



Fig. 2. Diagrams contributing to the one-body axial quark transition operator up to fourth order. Solid, dashed 
and wiggly lines refer to quarks, pseudoscalar mesons and the external axial field, respectively. Vertices denoted by a 
black filled circle and box correspond to insertions from the second and third order chiral Lagrangian. 
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(a) (b) (c) (d) 




+ • • • 



(e) (f) 



Fig. 3. Diagrams contributing to the two-body vector quark transition operator up to fourth order. Solid, dashed and 
wiggly lines refer to quarks, pseudoscalar mesons and the external vector field, respectively. The vertex denoted by a 
big black filled circle corresponds to insertion of the two-body mass counterterm due to one-meson exchange. 




(a) (b) (c) (d) 




(e) (f) (g) 



Fig. 4. Diagrams contributing to the two-body axial quark transition operator up to fourth order. Solid, dashed 
and wiggly lines refer to quarks, pseudoscalar mesons and the external axial field, respectively. Vertices denoted by 
a big (small) black filled circle and box correspond to insertions of the two-body mass counterterm due to one-meson 
exchange, from the second and third order chiral Lagrangian. 
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Table 1. Contribution of different diagrams in Fig.l to the electric charge [in SU(2)] and /{^ [in SU(3)], isotopic 
(vector) charge /1T3/2 [in SU(2)] and /1A3/2 [in SU(3)], vector couphng {d ^ u flavor transition) ff^Tud [in SU(2)] 
and ff^Xud [in SU(3)] and vector coupling (s — > u flavor transition) /f"A„s. The contribution of diagram in Fig. 1(a) 
is multiplied by the Z-f actor. 
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Table 2. Contribution of different diagrams in Fig. 2 to the isotopic (axial) charge 31X3/2 [in SU(2)] and gi\^/2 [in 
SU(3)], axial coupling {d ^ u flavor transition) (?f"r„d [in SU(2)] and gf"\ud [in SU(3)] and vector coupling {s ^ u 
flavor transition) gf^Xus- The contribution of diagram in Fig. 2(a) is multiplied by the Z-factor. 
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Table 3. Semileptonic decay constants of baryons g^* ^ and 



Decay mode 


B B 
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B B 

9a 


71 — > p 
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Table 4. Numerical results for 5^ 



Decay mode 


Ref. [21] 


Our results 




1.272 


1.2695 


p 


-0.904 


-0.944 


E^ ^ n 


0.375 


0.257 


E+ ^ A 


0.653 


0.622 


E- ^ A 


0.624 


0.622 




0.139 


0.315 


S- ^E" 


0.869 


0.908 


SO ^ E+ 


1.312 


1.284 



Table 5. Numerical results for the semileptonic decay 
widths of hyperons (in units of 10^ s^^) 



Decay mode 


Our results 


Data [3] 


A peru^ 


3.21 


3.16±0.06 


A PM^'^A' 


0.52 


0.60±0.13 


— > ne^De 


5.50 


6.88±0.24 




2.45 


3.0±0.2 


S+ ^ Ae+i^e 


0.24 


0.25±0.06 


^ Ae^Pe 


0.40 


0.39±0.02 


— > Ae^t'e 


Oil 


o.35±0.37 


^ -> A/1 


0.84 


o 1 +2.1 


iH, — > Zj e I'e 


U.ol 


U.OoztU.lU 




0.01 


< 0.05 


SO ^ E+e-j>e 


0.90 


0.88±0.04 


SO ^ S+/i-p^ 


0.01 


0.02±0.01 



